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ABSTRACT
This paper reports the one-year deep space flight results of the 50-kg-class deep space exploration micro-spacecraft
PROCYON, which was jointly developed by the University of Tokyo and the Japan Aerospace Exploration Agency.
PROCYON was developed with a very low cost (a few million dollars) and within a very short period (about 1 year),
taking advantage of the heritage from Japanese Earth-orbiting micro-satellite missions. PROCYON was launched
into an Earth departure trajectory together with the Japanese second asteroid sample return spacecraft Hayabusa-2 on
December 3, 2014. During its one-year deep space flight, PROCYON succeeded in the demonstration of a 50-kgclass deep space exploration bus system, which includes a GaN-based SSPA (Solid-State Power Amplifier) with the
world’s highest RF efficiency; the demonstration of a novel DDOR (Delta Differential One-way Range) orbit
determination method; and the world’s first demonstration of a micro propulsion system with both trajectory and
attitude control capabilities in deep space. Scientific observation by a Lyman alpha imager was also successfully
conducted. These successes demonstrate the capability of this class of spacecraft for performing a deep space
mission by itself and also demonstrated that it can be a low-cost and flexible tool for future deep space exploration.
primary mission (the demonstration of a 50-kg-class
deep space exploration bus system), and also achieved
some of its optional missions, which are the
demonstration of advanced deep space exploration
technologies and scientific observations. These
successes demonstrated the capability of this class of
spacecraft for performing a deep space mission by itself
and also demonstrated that it can be a useful tool for
deep space exploration.

INTRODUCTION
Recently, a number of organizations such as
governmental space agencies, private companies, and
universities are planning to build nano-satellites (1–10
kg) and micro-satellites (~50 kg) for deep space
exploration [1,2]. This effort is expected to establish a
low-cost and flexible tool for deep space exploration,
and these ultra-small spacecraft will play a significant
role in future solar system exploration.

MISSION OF PROCYON

As the first step of these attempts, the Intelligent Space
Systems Laboratory (ISSL) at the University of Tokyo
and the Japan Aerospace Exploration Agency (JAXA)
developed and launched the 50-kg-class deep space
exploration micro-spacecraft PROCYON (PRoximate
Object Close flYby with Optical Navigation), which
became the world’s smallest full-scale deep space probe
ever. PROCYON was launched together with the
Japanese second asteroid sample return spacecraft
Hayabusa-2 [3] on December 3, 2014. During its oneyear flight in deep space, PROCYON succeeded in its
Funase

The primary mission of PROCYON is the
demonstration of a micro-spacecraft bus system for
deep space exploration, which is intended to show that
a spacecraft of this scale (~50 kg) can conduct a deep
space mission by itself. The secondary missions
(advanced missions) consist of engineering and
scientific missions to advance or utilize deep space
exploration. The engineering mission includes the lowthrust deep space maneuver for performing an Earth
swing-by and changing the trajectory to flyby a Near1
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Earth asteroid and high-resolution observation of a
Near-Earth asteroid during a close (<30 km) and fast
(~10 km/s) flyby. The scientific mission is the wideview observation of geocorona with LAICA (Lyman
Alpha Imaging Camera) [4] from a vantage point
outside Earth’s geocoronal distribution.
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Fig. 1 shows the trajectory of PROCYON, which is
launched with Hayabusa-2 and initially inserted into an
Earth resonant trajectory that allows the spacecraft to
return to Earth by solar electric propulsion. Within
several months after launch, the primary mission
(demonstration of the bus system) is conducted. Then, a
DSM (Deep Space Maneuver) using its miniature ion
propulsion system is conducted so that the spacecraft
will return to Earth for swing-by which will direct the
spacecraft’s trajectory to its target asteroid, 2000
DP107 [5]. PROCYON is intended to perform close
flyby trajectory guidance by optical navigation and will
pass within 30 km of the asteroid. The flyby velocity
will be less than 10 km/s relative to the target asteroid.
During the close flyby, automatic tracking observation
of the asteroid will be conducted using a camera with a
scan mirror and onboard image feedback control, which
enables a LOS (Line of Sight) maneuver while
maintaining the spacecraft’s attitude (Fig. 2).

+X

+Y

Figure 2: Close flyby observation of an asteroid by
the onboard image feedback control
PROCYON SYSTEM CONFIGURATION
The external view of PROCYON is shown in Figs. 3, 4,
and 5. Fig. 6 shows the system block diagram of
PROCYON, and the specifications of the spacecraft are
listed in Table 1. Most of the bus system of PROCYON
is based on that of a 50-kg-class Earth-orbiting microsatellite, excluding the communication [6] and
propulsion [7] systems, which were newly developed
for the deep space mission.
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Figure 3: External view of PROCYON (top view)
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Figure 6: System block diagram of PROCYON
venture companies as key development policies. The
total mass of the fabricated onboard telecommunication
system was only about 7.3 kg excluding the RF coaxial
harness. The total power consumption during two-way
operation with 15 W of RF output power at the SSPA
was only about 54.3 W using a GaN SSPA with the
world’s highest RF efficiency (average efficiency:
33.7%) [8].
Propulsion System for Attitude and Orbit Control
A micro propulsion system named I-COUPS (Ion
thruster and COld-gas thruster Unified Propulsion
System) was also newly developed for PROCYON [7].
The propulsion system unified an ion thruster and coldgas thrusters by sharing a single gas system to provide
these propulsive capabilities with a limited mass and
volume. The ion thruster provides 300 μN of thrust with
a specific impulse of about 1000 s, which is used for a
DSM. The cold-gas thrusters, which provide about 20
mN of thrust with a specific impulse of 24 s, are used
for both reaction wheel desaturation and the asteroid
flyby trajectory correction maneuver. The weight of the
propulsion system is less than 10 kg including about 2.5
kg of propellant (Xenon).

Figure 5: External view of the PROCYON flight
model (solar array panels stowed)
Communication System
A
low-cost
miniaturized
X-band
onboard
telecommunication system compatible with CCSDS
(The Consultative Committee for Space Data Systems)
recommendations was newly developed. The
communication system of PROCYON consists of an
XTRP (X-band Transponder), a high-power (15-W
output) GaN-based SSPA (Solid-State Power
Amplifier), a tone generator for the DDOR (Delta
Differential One-way Range) orbit determination,
isoflux LGAs (Low-gain Antennas), flat antennas
(MGA and HGA), and other passive components
(switches, a diplexer, and band-pass filters).

The components and structures of I-COUPS were based
on the miniature ion propulsion system MIPS [9,10],
which was developed for the 60-kg LEO satellite
Hodoyoshi-4 [11,12]. The difference from MIPS is the
addition of a cold-gas thruster system whose gas is
extracted from the existing xenon gas system. The
power consumption is 7.3 W in its standby mode, 11.5
W during the operation of two cold-gas thrusters, and
40.0 W during the operation of the ion thruster.

We focused on adopting only COTS products including
a GaN HEMT, conducting appropriate space
environmental testing, and balancing the in-house
development and cooperation with competent small
Funase
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Table 1: Specifications of PROCYON
0.55m × 0.55m × 0.67m + 4 SAPs (Solar Array Panels)
<70 kg (wet)
Power
Triple Junction GaAs, >240 W (at 1 AU, θs = 0, BOL)
Li-ion, 5.3 Ahr
AOCS
4 Reaction Wheels (RW), 3-axis Fiber Optic Gyro (FOG)
Star Tracker (STT), Non-spin Sun Aspect Sensor (NSAS)
Telescope (for optical navigation relative to the asteroid)
Performance
<0.002 [deg/s], <0.01 [deg] (pointing stability)
Propulsion
RCS
Xenon cold-gas jet thrusters ×8, ~22mN thrust, 24s Isp
Ion propulsion Xenon microwave discharge ion propulsion system
0.3 mN thrust, 1000s Isp, ~400m/s ΔV capability (for 65 kg s/c)
Propellant
2.5 kg Xenon (shared by RCS and ion propulsion)
Communication Frequency
X-band (for deep space mission)
Antenna
HGA ×1, MGA ×1, LGA ×2 (for uplink), LGA ×2 (for downlink)
Output power >15 W (RF output), >30 % (GaN XSSPA)
Payload
Weight
~10 kg (asteroid observation camera+Lyman alpha imager)
Structure

Size
Weight
SAP
BAT
Actuator
Sensor

(OBC), Meisei University (asteroid observation
telescope), and Rikkyo University (geocoronal imager).
All of the system integration and electrical tests were
conducted at the University of Tokyo. System-level
environmental tests such as vibration and thermal
vacuum tests were conducted at CENT (the Center for
Nanosatellite Testing) at the Kyushu Institute of
Technology, which is located in the western part of
Japan.

Scientific Observation Instrument
We developed a far ultraviolet imager called LAICA.
This instrument is composed of a spherical Cassegrain
telescope, a bandpass filter, a detector, and electronics.
The detector is composed of a micro channel plate and
a resistive anode encoder, the design of which is similar
to the FUV (Far Ultraviolet Detector) for PHEBUS (the
Probing of the Hermean Exosphere By Ultraviolet
Spectroscopy) onboard the Mercury Planetary Orbiter
in the BepiColombo mission. Fig. 7 shows the flight
model of LAICA. Its dimensions are 130 mm × 160
mm × 300 mm, and its mass is 2.14 kg. Using two
spherical mirrors, the angular resolution is 0.023°.

The piggyback launch of PROCYON together with
Hayabusa-2 was approved in September 2013, and the
development of the spacecraft started at that time. After
the spacecraft system design phase, which lasted a
couple of months, we built an STM (Structure and
Thermal Model) to verify the mechanical and thermal
design of the spacecraft. Vibration tests (March and
May 2014, Fig. 8; the improved design was tested
during the second test) and a thermal vacuum test (April
2014, Fig. 9) were successfully conducted. The
fabrication of the onboard equipment proceeded in
parallel with the STM test. The integration and testing
of the flight model started on July 2014 (Fig. 10) and
was completed at the end of October 2014, taking about
four months to conduct an I/F test, ion thruster end-toend tests (in a vacuum chamber, Fig. 11), a thermal
vacuum test, a vibration test (Fig. 12), and a separation
shock test. The spacecraft was delivered to JAXA at the
beginning of November 2014, which was the end of one
year of development. Fig. 13 shows an overview of the
entire development schedule.

Figure 7: Flight model of LAICA
DEVELOPMENT OF SPACECRAFT
The spacecraft was primarily developed by the
University of Tokyo and JAXA in cooperation with a
number of Japanese universities such as Hokkaido
University (thermal design), Nihon University (SAP
hold & release mechanism), Tokyo Science University
Funase
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Figure 11: Ion propulsion system end-to-end test in
a vacuum chamber

Figure 8: Vibration test of the STM

Figure 12: Vibration test of the flight model
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Figure 9: Thermal vacuum test of the STM
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Figure 13: Development schedule of PROCYON

ONE-YEAR
RESULTS

DEEP

SPACE

OPERATION

PROCYON’s command and telemetry operation was
conducted mainly via Japanese deep space stations (64m and 34-m antennas). We received international
cooperation from JPL and ESA when we performed
DDOR experiments, which is an international
collaboration experiment between JAXA, NASA, and
ESA.

Figure 10: Spacecraft flight model integration at the
University of Tokyo

PROCYON was successfully launched into an
interplanetary trajectory together with Hayabusa-2. The
spacecraft conducted a very smooth autonomous
Funase
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 Precise navigation by the “Chirp DDOR”
method

control sequence during the four hours of the critical
phase from separation to the beginning of the first pass.
The spacecraft successfully conducted SAP deployment,
detumbling control, sun search control, and sun
pointing control (Fig. 14).



World’s first demonstration of a micro propulsion
system in deep space, which has
 RCS
for
attitude
control/momentum
management (eight thrusters)
 Ion propulsion system for trajectory control
(Isp = 1000 s, thrust = 300 µN)

The following sections describe the details of the onorbit achievements of PROCYON.
Sun search control

Separation

FOG/RW = ON

Detumbling

Power System
The SAP continuously supplied power to the spacecraft
system as designed, and the PCU/PDU functioned
normally. Fig. 15 shows a comparison of the expected
I–V curve and the observed data on orbit for one of the
four solar array paddles, which demonstrated that the
SAP worked well as designed.

Sun sensor = ON

Sun pointing control

SAP_PX
1.6
1.4
1.2

Figure 14: Autonomous control results after
separation from the rocket
I [A]

1

During the subsequent one-year operation in deep space,
we successfully demonstrated our deep space bus
system and also achieved some of the advanced
missions previously described.

0.8
0.6
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0.2
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Unfortunately, PROCYON have lost contact with the
ground for some reason since December 2015, and we
have been conducting recovery operations. However,
PROCYON maintained normal operation until then and
demonstrated the following capabilities as a deep space
probe for performing deep space missions by itself and
demonstrated that it can be a useful tool for deep space
exploration. Moreover, the scientific observation
mission using the Lyman alpha imager was successfully
conducted.


Power generation/management (>240 W)



Thermal design for accommodating a wide range
of solar distances (0.9–1.5 AU) and power
consumption modes (IES on/off)



Three-axis attitude control with a high stability
(<0.01°)



World’s first deep space communication and
navigation system for micro-satellites
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Figure 15: Observed on-orbit I–V characteristic
curve for one of the four solar array paddles
compared with the expected curve based on the
ground test.
Thermal Control System
The main issue for the thermal design was the wide
range of solar distances (from 0.91 AU to 1.50 AU) and
the internal heat generation (from 105 W to 137 W
(during ion thruster operation)). Our strategy was to
adopt passive thermal control and minimize the active
thermal control by insulating almost all surfaces, except
for the antisolar face to be used as a radiator, in order to
suppress the influence of the variation in solar intensity.
The on-orbit temperature of the spacecraft was almost
consistent with the ground-based analyses with an error
of less than 10 °C so that we could successfully verify
our thermal design strategy [13].

 High efficiency (GaN SSPA, >30%)
 High output (>15 W)
Funase
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Attitude Determination and Control System

Propulsion System

All components for the attitude control system were
developed by Japanese companies for micro-satellites.
These components were slightly modified to fit an
interplanetary environment. The attitude control
software was developed by students at the University of
Tokyo to achieve the attitude accuracy requirements
from two telescopes. LAICA requires a pointing
accuracy of 0.2°, and the optical navigation telescope
requires an attitude stability of 6.0×10-3 degrees (3σ)
during 10 s of exposure time. Additionally, the attitude
control system was designed to be able to maintain a
sun-pointing attitude even if any single attitude
component fails. The details of this attitude control
system are discussed in [14].

Ion thruster operation results
The first operation of the ion thruster was performed on
December 28th, 2014, and its stable operation was
confirmed. No undesirable interference with the
spacecraft bus system was observed. The thrust
estimated from the Doppler data was higher than the
expected value on the ground, as shown in Fig. 17 [15].
However, the following problems were found after the
initial checkouts of the ion thruster system: #01:
leakage of the ion thruster valve, #02: defect in the
pressure regulation valve control, #03: occasional
freezing of the I-COUPS controller, and #04: a high and
gradually increasing neutralizer voltage. Problem #01
was not critical for the system, although it wasted some
propellant. Problems #02 and #03 interrupted the longterm continuous operation of the ion thruster, and
problem #04 had the potential of decreasing the
neutralizer lifetime and might disable a few thousands
of hours of ion thruster operation. The PROCYON
project team spent two months (January–February
2015) to resolve these problems and achieved its
continuous operation. The details of these problems and
their countermeasures are described in [15].

All attitude control functions implemented on
PROCYON (the initial sun acquisition, the three-axis
stabilization for science observation, the angular
momentum management by RCS, and others) were
successfully executed during the interplanetary flight.
In particular, the on-orbit attitude accuracy is shown in
Fig. 16. The top figure shows error angle between the
target attitude and the attitude determination result
(almost equal to the pointing accuracy), and the bottom
figure shows the time history of the maximum attitude
fluctuation during 10 s of exposure time (almost equal
to the pointing stability). These results indicate that the
attitude control system achieved the requirements from
the observation mission, and we could actually confirm
that the developed attitude determination and control
system can perform the required scientific observation
[14]. We expect that further parameter tuning will
improve the attitude control accuracy.

The total accumulated operating time reached 223 h
after solving problems #01–04. The average ion beam
current was 5.62 mA, corresponding to a thrust of 346
μN. The thrust coefficient was updated to 0.964
according to the thrust estimated from the Doppler data.
The beam current gradually decreased by 1.7% over
200 h of operation. Although ion thruster operation and
thrust generation were stable for over 200 h, this
operation was forced to be far different from the
nominal condition. The major difference was the mass
flow rate of 61.4 μg/s, which was twice as high as the
nominal flow rate to fix the above problems. It was
associated with possibility of undesirable grid erosion
and appeared as sudden stop of the ion thruster by a
high-voltage system anomaly. On March 10th, 2015,
after 223 h of successful operation, the I-COUPS
controller detected a high-voltage system shutdown.
The project team determined that this anomaly was
caused by a short circuit between the ion acceleration
grids in the thruster. Such grid shorts have occurred in
several spacecraft in the past, and some were cleared
[16,17]. On the basis of these heritages, the project
team has tested thermal cycling, mechanical
acceleration, and mechanical vibration operations.
However, the situation was not recovered as of
December 2015.

Figure 16: On-orbit three-axis stability results
Funase
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way Doppler-shift data. The cold-gas thruster
successfully provided the impulse, e.g., a measured
delta-V of 0.5003 m/s compared with the planned value
of 0.5000 m/s. The thrusts of the cold-gas thruster
slightly and gradually decreased during the operation,
as shown in Fig. 18, which is caused by the adiabatic
expansion of the compressed gas in the tank and the
resulting temperature decrease. The actual rate of
decrease was measured in advance, and a correction
factor was obtained to accurately manage the impulse.
A delta-V of 0.500 m/s was obtained for four repeated
operations totaling 942 s.

Two-way Doppler shift/mms-1
Fitted line
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Figure 17: The first operation of the ion thruster
and the associated Doppler shift (Dec. 28th, 2014).
The thrust was estimated as 366 μN from the slope
of the fitted line [15].

0

Figure 18: Thrust histories for 10 min of operation
of the cold-gas thruster; the thrust gradually
decreased with the pressure decrease

Cold-gas thruster operation results

Trajectory Control

Unloading maneuvers by the cold-gas thrusters were
successfully conducted since its first operation on
December 6th, 2014. The disturbance torque
accumulating momentum on the spacecraft was mainly
caused by the ion thruster operation and the
misalignment of the thrust vector. The misalignment
was estimated to be less than 7.0 mm from the on-orbit
torque accumulation result, which was within the range
predicted by the ground measurement of the ion beam
direction. Another disturbance torque originated from
the solar radiation pressure whose magnitude was also
within the expected order of magnitude.

The flyby observation to 2000 DP107 requires
trajectory control by the ion thruster. Unfortunately, the
failure of the ion thruster resulted in no opportunity for
flyby observation [5]. Fig. 19 illustrates the
achievement of trajectory control by the ion thruster.
The closest approach distance to Earth was controlled
from 3.10×106 km to 2.76×106 km.

The propulsion system also successfully demonstrated
its TCM capabilities (long-term thrusting ability) when
PROCYON approached Earth via a verification test of
the TCM ability of the spacecraft instead of the
originally planned maneuver for an asteroid flyby
operation. The test requires orbit determination,
trajectory planning, attitude control, and trajectory
control. The propulsion system is required to provide a
planned impulse within a limited time (one visible pass).
The result of the maneuver was confirmed by the twoFunase
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Figure 19: Transition of the closest approach
distance to Earth on the B plane by the ion thruster
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Although PROCYON cannot flyby the asteroid, we
decided to execute flyby guidance experiments by the
cold-gas jet thrusters to a virtual target point around
Earth [18]. Eight thrusters are mounted on PROCYON
for attitude and orbit control, as shown in Fig. 20, and it
is designed to achieve a 2-DOF translational
acceleration for orbit control. However, after launch,
we noticed that the disturbance torque caused by the
+X/-X acceleration (by CT-5,6 and CT-7,8) was larger
than expected. We suspect that this large disturbance is
caused by the unexpected reflection of the exhausted
gas on the backside of the solar array panels. In order to
avoid the large disturbance torque, the thrust direction
was highly constrained for this experiment because only
the +Z/-Z acceleration (by CT-1,2 and CT-3,4) is
available, and the thrust direction had to be aligned in
the direction normal to the solar arrays, which also has
to be directed toward the sun. Therefore, we adopted a
VTA (Variable-Time-of-Arrival) guidance approach
and increased the degree of freedom by allowing deltaV in a guidance-insensitive direction.

Figure 21: TCM1 guidance results projected onto
the B plane

Figure 20: Cold-gas thruster (CT) arrangement on
PROCYON
Figure 22: TCM3 guidance results projected onto
the B plane

The flight experiment demonstrated that PROCYON
has been successfully guided to a virtual target within
the objective guidance accuracy required to flyby 2000
DP107, which is within 100 km on the B plane at a
distance of 3,000,000 km from Earth. Figs. 21 and 22
show the flight results of TCM1 and TCM3 as
examples. The red solid lines indicate the mean-value
transition, and the cyan dots represent the expected
guidance points (3σ including navigation and guidance
errors) computed by a Monte Carlo method. Since the
cyan dots contain the terminals of the red line, it can be
said that PROCYON was successfully guided.

Funase

Communication System and Ground System
The onboard telecommunication system worked
successfully as planned for more than one year in deep
space. Figs. 23 and 24 respectively show the actual
operation results of the EIRP (Equivalent Isotropic
Radiated Power) and onboard receiving carrier level [6].
As shown in Fig. 23, the average EIRP of the XMGA
(X-band Medium-gain Antenna) was 49.4 dBm, and
that of X-band low-gain antennas 1 and 2 were 41.1
dBm and 40.6 dBm, respectively. When the distance
between PROCYON and Earth was at the maximum
(0.386 AU), the downlink bitrate reached 1024 bps by
using the XMGA. On the other hand, the minimum
received carrier level at the onboard XTRP was up to 133.6 dBm, as shown in Fig. 24. PROCYON succeeded
in conducting two-way operation with this type of
ultraweak uplink signal. Additionally, we successfully
conducted conventional ranging, DDOR, and chirp
DOR operations for precise orbit determination [6,19].
9
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operation opportunities. During the initial operation just
after launch, the first signal from PROCYON was
detected by a 12-m radio telescope at Warkworth
observatory in New Zealand, and the initial state of
PROCYON was monitored by the USC 20-m antenna
by using the GSE. During nominal operation, in
addition to the command, telemetry, and ranging
operation at UDSC64 or USC34, telemetry signals
could be remotely monitored at ISAS or the University
of Tokyo by using Yamaguchi University’s 32-m radio
telescope with the GSE.

Regarding single-event effects on the COTS EEE parts,
errors in cyclic redundancy check occurred 18 times in
total, and the XTRP was automatically reconfigured
during the nonoperating time by the onboard computer
twice during the one-year operation. The number of
single-event effects during actual operation was lower
than the estimated number calculated on the basis of a
heavy-particle irradiation test on the breadboard circuit
of the XTRP. In all of these situations, there were no
fatal errors. Thus, it is confirmed that the XTRP using
the COTS EEE parts can be applied to deep space
missions [6].

Figure 23: Onboard EIRP of XLGA1, 2 and XMGA
during the one-year operation
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Figure 25: Ground support equipment used in
PROCYON mission
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Visual feedback tracking experiment results
Since PROCYON lost the asteroid flyby observation
opportunity because of the ion thruster anomaly, the
onboard image processing and tracking technology
adopted in the asteroid observation telescope were
partly verified using a virtual target body [20]. During
an asteroid close flyby observation, the target is a
significant size on the imager, although the fixed stars
have very small apparent sizes that they should be
considered as point light sources. Therefore, we chose
Earth as the virtual target for the experiment. Using
Earth, a similar condition for target tracking during an
asteroid flyby can be achieved. The relative distance
between PROCYON and Earth was 4.9×106 km. With
this distance, the apparent diameter of Earth is about

Figure 24: Received carrier level at the onboard
XTRP and spacecraft–Earth distance during the
one-year operation
Regarding the GSE (Ground Support Equipment),
PROCYON basically used deep-space antennas such as
the 64-m antenna at the Usuda Deep Space Center
(UDSC64) and the 34-m antenna at the Uchinoura
Space Center (USC34). However, since PROCYON
was a secondary payload to be launched together with
the primary payload (Hayabusa-2), there were not
enough opportunities to conduct operations by using
these antennas. Thus, we developed the compact and
portable GSE shown in Fig. 25 and elicited cooperation
from the VLBI communities so that we have sufficient
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1.5×10-1 deg. This is about 70 pixels on the imager. The
experimental configuration is schematically shown in
Fig. 26.

Dark-star detection results
Optical navigation is a key technology for asteroid
exploration. In particular, for a precise asteroid flyby,
the observable magnitude of the optical navigation
system is an important issue. If the system can detect
faint bodies, a target asteroid can be found far from the
spacecraft; in other words, the spacecraft can use a
large amount of time for an orbital correction maneuver.
This fact is more important for a flyby mission than a
rendezvous mission because the relative velocity of the
flyby between the asteroid and the spacecraft is much
higher than that of the rendezvous. For example,
Hayabusa can detect its target asteroid 4 months before
arrival, even if it can detect only a 6th-magnitude star.
On the other hand, PROCYON should detect a 12thmagnitude star in order to find its target asteroid 5 days
before arrival. Thus, 12th-magnitude-star detection is
one of the important demonstrations for PROCYON.
The telescope has a 5-cm aperture for faint-body
detection. Because the single-shot SN ratio is not
applicable for faint-body detection, image composition
techniques are used.

Distance: 4.9×106 km

Earth
PROCYON

Figure 26: Configuration of the target tracking
experiment [20]
The pointing accuracy of the luminance center feedback
control was checked using the attitude change profile
shown in Fig. 27. While changing the attitude, the
telescope successfully and completely autonomously
kept Earth within its field-of-view. The telescope’s
rotation angle error compared with the attitude angle
profile is shown in Fig. 28. From these results, we could
demonstrate a tracking angle accuracy of about 0.4° in
this particular environment, which satisfies the accuracy
requirement on the estimation side [21] when the flyby
altitude is a dozen kilometers.

In order to verify the detection capability, on-orbit
experiments were performed. In Fig. 29, two star
images taken by PROCYON with a 10-s exposure time
are composed, and the composed image is compared
with the star catalogue output. The middle image is an
overlay image of these two images. The comparison
revealed that PROCYON can detect several 12thmagnitude stars.

Figure 27: The attitude change profile for the visual
feedback tracking experiment [20]
Figure 29: Two star images taken by PROCYON
with a 10-s exposure time are composed, and the
composed image (right) is compared with the star
catalogue output (left)

Scientific Observation Results
Comets are mainly composed of ice and dust, and they
have various characteristics. Ice on the surface
evaporates due to solar irradiation, and a large amount
of H2O is lost to interplanetary space. The water loss
rate varies between different types of comets and
depends on the heliocentric distance. The Comet

Figure 28: Error angle of the telescope rotation
during the experiment [20]
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resolution is 0.5 deg/pix, which is ~20 times greater
than that of LAICA, it is difficult to resolve the comet
when there are several high-temperature stars near the
comet. As a result, no hydrogen emission around comet
67P was detected by SOHO/SWAN at the perihelion in
August 2015. The H2O production rate estimated using
the data obtained by PROCYON/LAICA shows the
repeatability of the H2O production rate in August 2015,
which is useful when we compare the results from
Rosetta and the past results from SOHO/SWAN.

67P/Churyumov–Gerasimenko comet (67P) is periodic;
its perihelion and aphelion are at heliocentric distances
of 1.3 AU and 5.7 AU, respectively. It is the target body
of the Rosetta mission. The Rosetta spacecraft arrived
at the comet and started its rendezvous observation in
2014. Bertaux (2015) showed the results of H2O massloss measurements by observing the hydrogen emission
in previous perihelions [22]. Its perihelion occurred in
August 2015, and the hydrogen emission should be
observed to estimate the H2O mass-loss rate and its
temporal variability.
The hydrogen exosphere around Earth is extended to
>10 Earth radii, and hydrogen atoms scatter solar
ultraviolet photons for the Lyman alpha emission line
of hydrogen. This is called the “geocorona.” It is
difficult to observe the Lyman alpha emission of
hydrogen from the comet in a low-Earth orbit because
the geocorona is very bright. Thus, observation should
be outside the geocorona.
On September 13, 2015, we observed hydrogen
emission around comet 67P. We performed ten
exposures from 3:57 to 4:14 UT with an exposure time
of 50 s for each. The heliocentric distance of the comet
was 1.30 AU, and the distance between the comet and
PROCYON was 1.84 AU. The phase angle, i.e., the
Sun–comet–PROCYON angle, was 27.8°. The plate
scales were 1.14×105 km/pix in the vertical direction
and 1.57×105 km/pix in the horizontal direction. Images
of a star in four frames are apparently blurred and
possibly extended in the horizontal direction, as shown
in Fig. 30(A) because of the occasional error in the
attitude control system. We selected and integrated six
frames in which no apparent blurring is recognized, as
shown in Fig. 30(B).

(A)

Figure 31: Image of hydrogen emission around
comet 67P and the nearby stars

CONCLUSION
The University of Tokyo and JAXA have developed the
50-kg-class micro-spacecraft PROCYON for deep
space exploration. The primary mission of PROCYON
is the demonstration of a micro-spacecraft bus system
for deep space exploration, and the secondary advanced
missions are a low-thrust deep space maneuver to
perform Earth swing-by, high-resolution observation of
a Near-Earth asteroid during a close (<30 km) and fast
(~10 km/s) flyby, and wide-view scientific observation
of the geocorona from a vantage point outside Earth’s
geocoronal distribution. Most of the bus system of
PROCYON is based on the heritage from 50-kg-class
Earth-orbiting micro-satellite missions, which enabled
extremely quick (~1 year) and low-cost (less than a few
million dollars) spacecraft development. A COTSbased miniature deep space communication and
propulsion systems were newly developed for the
PROCYON mission.

(B)

Figure 30: (A) A blurred image of a star and (B) an
image without blurring.
Fig. 31 shows the observation results of the Lyman
alpha emission of hydrogen from comet 67P. The H2O
production rate was estimated to be (6.69±0.29)×1027
mol/s using the Haser model [23]. This result is
consistent with the past results shown by Bertaux [22].

PROCYON was successfully launched into an
interplanetary trajectory together with Hayabusa-2 and
successfully demonstrated the micro-spacecraft bus

Past observations have been performed using the Solar
Wind Anisotropies (SWAN) onboard SOHO (the Solar
and Heliospheric Observatory). Because its angular
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Aeronautical and Space Sciences, Space
Technology Japan, Vol. 12, pp. Tb_19-Tb_24,
2014.

system for deep space exploration and scientific
observation. The goal of the PROCYON project was
achieved, which is to demonstrate that a low-cost smallscale spacecraft can be a useful tool for deep space
exploration. The success of the PROCYON mission
will contribute to the realization of high-frequency and
challenging deep space exploration.
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